To evaluate possible compositional changes in archaeal communities at a deep-sea hydrothermal vent field scale, we examined five different samples obtained after deploying in situ collectors for different times on three spatially separated venting sulphide structures on the East Pacific Rise (13 ∞ ∞ ∞ ∞ N). Direct cell counts and whole-cell hybridizations with fluorescently labelled 16S rRNA-based oligonucleotide probes revealed that the relative abundance of archaeal populations represented from 14 to 33% of the prokaryotic community. 16S rDNA sequence analysis of the archaeal clone libraries indicated that a large percentage of clones were closely related to known archaeal isolates recovered from similar habitats. Among the 24 different phylotypes identified, Thermococcales-related sequences were dominant in all the libraries that also included representative genera of orders Methanopyrales , Methanococcales , Archaeoglobales and Desulfurococcales . The presence of most of these phylogenetic groups was confirmed in enrichment cultures performed at temperatures from 60 to 90 ∞ ∞ ∞ ∞ C. Additional sequences with no known cultivated relatives grouped with the Marine group I Crenarchaeota , Korarchaeota and Deep-sea Hydrothermal Vent Euryarchaeota (DHVE) within which a novel lineage was identified. Furthermore, the archaeal community composition was distinct from vent to vent within the same vent field and varied within short time scales. This study provides new insights into microbial diversity and distribution at deep-sea hydrothermal vents.
Introduction
Deep-sea hydrothermal vents encompass numerous potential habitats that support the growth of physiologically, metabolically and phylogenetically diverse microorganisms (Karl, 1995) . Despite the difficulties in recovering representative samples, to develop appropriate culture media and to recreate the range of physical and chemical conditions of these extreme environments in the laboratory, traditional culture-based approaches have led to the characterization of numerous unusual microbes that include mesophiles (Wirsen et al ., 1998; Taylor et al ., 1999) and thermophiles (L ¢ Haridon et al ., 1998; Zillig and Reysenbach, 2001 ). Moreover, cultivation-independent identification of hydrothermal microorganisms by 16S rRNA gene sequences has recently revealed the existence of unique and previously unrecognized assemblages (Haddad et al ., 1995; Takai and Horikoshi, 1999) and expanded our view of the phylogenetic diversity of thermophiles at vents.
Enrichment culture isolation experiments performed with samples collected from deep-sea hydrothermal fluids and chimneys demonstrated that archaeal anaerobic hyperthermophiles thrive in the hottest parts of the ecosystem (Harmsen et al ., 1997; Takai et al ., 2001) . Examination of the spatial distribution of microbial populations in chimneys by whole-cell hybridization revealed that Archaea can represent up to 50% of the total microbial community (Harmsen et al ., 1997) .
The fluid discharge at hydrothermal vents is known to vary within hours, days, and years, and on spatial scales of centimetres to kilometres (Karl, 1995) . Although recent reports demonstrate changes in archaeal diversity in a single vent within a year (Huber et al ., 2002) , with the exception of a preliminary study , the variability of microbial diversity within days at a hydrothermal field has not been investigated. Obtaining samples for these types studies are not straightforward, and therefore we chose to deploy in situ samplers for different times on spatially separate sites at 13 ∞ N on the East Pacific Rise. We used both culture-independent © 2003 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology , 5 , [492] [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] methods and culturing approaches to compare the archaeal composition of the communities recovered from in situ collectors deployed on three different active hydrothermal vent sites over different time periods. Our data provide some evidence of differences in diversity between samples collected from the different sites and after different time periods.
Results and discussion

Microscopic observations and quantification of cells
After deployments on 13 ∞ N vents, the aquarium filtering wool within the collectors was heavily coated with very fine black sulphide particles. The vent cap's contents (inside surfaces and residual liquid) also contained these black deposits. For total cell counts on filters using SYBR Green and for whole-cell hybridization of cell smears on slides with probes specific for Bacteria and Archaea , a cell extraction step was performed to eliminate autofluorescent sulphide particles and concentrate the cells (Harmsen et al ., 1997) . There were no significant differences in cell morphologies between the different samples. The bacterial cells were composed of thin short and long rods and large filaments which sometimes exceeded 250 m m in length. Although the samples contained thin short and long archaeal rods, the archaeal community mainly consisted of regular and irregular cocci. These observations were in agreement with previous studies of the morphological diversity of hydrothermal microbial communities (Harmsen et al ., 1997; Huber et al ., 2002) . The total cell counts revealed that the microflora attached to the in situ collectors (samples I, II, and IV) remained constant and did not appear to be dependent on the site of exposure or the duration of deployment (Table 1) . However, the highest cell density was measured in the in situ growth chamber after a 5-day deployment [1.38 ¥ 10 7 cells per g (wet weight) in sample V]. In general, the Bacteria / Archaea ratios were remarkably constant at the same vent site and not affected by the length of deployment or the type of collecting device. Bacteria dominated and Archaea were found to represent from 14 to 33% of the microbial communities. However, because Aquificales are not detected with the Bacteria -specific probe (EUB338) (Harmsen et al ., 1997) , bacterial numbers were therefore probably underestimated.
Metabolic diversity of cultured thermophilic populations
To examine the metabolic diversity of active anaerobic populations, we screened samples I, II, and V for the presence of culturable thermophiles at 60, 80 and 90 ∞ C. After a 2 day incubation, all the enrichments at 60 ∞ C yielded mainly short and long rods whereas cocci dominated at 80 and 90 ∞ C.
Regular and irregular heterotrophic sulphur-metabolizing cocci (about 1 m m in diameter) were observed in all the enrichments for sulphur-reducers incubated at 80 and 90 ∞ C. Based on their morphology, growth temperature and metabolism, these organisms were assigned to the Thermococcales (Zillig and Reysenbach, 2001) .
Regular and irregular cocci (1-2 m m in diameter) that fluoresced at 420 nm were enriched at 80 and 90 ∞ C in the medium designed for methanogens. Autofluorescent coccoid methanogens (in samples I and II) shared the characteristics of members of the family Methanocaldococcaceae (Whitman et al ., 2001) . Methanopyrus -like organisms (long straight autofluorescent methanogenic rods) (Huber and Stetter, 2001a) were enriched at 90 ∞ C but only from sample II.
Morphological (regular cocci about 1-2 m m in diameter) and physiological features (hyperthermophily and sulphur reduction) reminiscent of Ignicoccus were observed in the autotrophic sulphur containing medium incubated at 90 ∞ C (in samples I and V) (Huber and Stetter, 2001b) . 
Phylogenetic analyses
16S rDNA was amplified from environmental DNA using a nested PCR approach. Of a total of 594 clones that were partially sequenced 24 phylotypes (determined by distance matrices and less than 97% sequence similarity) were identified ( Table 2 ). The archaeal sequences from 13∞N hydrothermal vent samples were distributed across the kindgoms Euryarchaeota, Crenarchaeota and Korarchaeota (Table 2) .
(i) Sequences related to cultured organisms
Of the 14 euryarchaeal phylotypes, five were closely related to known cultured organisms ( 
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Methanopyrales Methanopyrus pEPR140 pEPR829, pEPR708, pEPR811, pEPR865 a. The nomenclature for the Deep-sea Hydrothermal Vent Euryarchaeota (DHVE) groups is that used by Takai and Horikoshi (1999) . As these authors identified seven different DHVE clusters, the new lineage described in this study was named DHVE8. b. Numbers correspond to the percentages of clones that appeared in the library.
2001), and numerous type species of both genera have been recently isolated from this environment (Zillig and Reysenbach, 2001) . It is therefore not surprising that they were also present in the clone libraries and enrichment cultures. Interestingly this group is often not detected in molecular diversity analyses of hydrothermal deposits or fluids (Takai and Horikoshi, 1999; Huber et al., 2002 ), yet detected in in situ collectors (Corre, 2000; Reysenbach et al., 2000) . It may indicate that these organisms are efficient surface colonizers. However, the natural abundance and ecological significance of this phylogenetic group in the hydrothermal ecosystem remain to be elucidated.
Other sequences affiliated to cultured Euryarchaeota, namely members of the Methanopyrales, the Archaeoglobales and the Methanococcales, were also detected ( Table 2 ). These sequences were closely related to the hydrogenotrophic methanogens Methanopyrus kandleri (98%) and Methanocaldococcus vulcanius (99%) and to the environmental sequence VC2.1Arc8 (Reysenbach et al., 2000) that shares 98% similarity with the sulphitereducer Archaeoglobus veneficus (Fig. 1 ). All members of Methanocaldococcus and Methanopyrus are strict chemolithoautotrophic organisms restricted to hydrothermal vents (Huber and Stetter, 2001a; Whitman et al., 2001) . The facultative chemolithoautotroph A. veneficus was also isolated from deep-sea vents and is the only member of its genus that does not reduce sulphate (Huber et al., 1997) . 16S rRNA sequences of hyperthermophilic Methanococcales and Archaeoglobales are frequently obtained in deep-sea hydrothermal environmental libraries (Reysenbach et al., 2000; Huber et al., 2002 ), yet sequences related to Methanopyrus had never been reported although these organisms are ubiquitous in hydrothermal vents (Huber and Stetter, 2001a) .
Of the nine crenarchaeal phylotypes identified in this study, six were closely related to known cultured hyperthermophiles belonging to the order Desulfurococcales (Table 2 ; Fig. 1 ). The Crenarchaeota/Archaea ratios were generally very low, except at the Genesis site (sample III) where equivalent proportions of Crenarchaeota and Euryarchaeota were observed. Although clone libraries do not reflect the abundance in situ, low Crenarchaeota/Archaea ratios were previously measured in hydrothermal chimneys by whole-cell hybridization analyses (Harmsen et al., 1997) . Interestingly, most of the sequences were more closely related to the hyperthermophilic chemolithoautotrophic sulphur-reducers Pyrodictium occultum (98% similarity) and Ignicoccus pacificus (97-98% similarity). Furthermore, some sequences were closely related to the heterotrophic sulphur-reducer Staphylothermus marinus (97% similarity). All these genera are common inhabitants of deep-sea hydrothermal vents (Huber and Stetter, 2001b) , however, the observation of phylotypes related to the aerobic organism Aeropyrum pernix and the heterotrophic sulphur-reducer Thermodiscus maritimus is unusual as these hyperthermophiles have only been detected in shallow marine vents (Takai and Sako, 1999; Huber and Stetter, 2001b) .
(ii) Sequences related to uncultured organisms
The remaining 13 phylotypes were not related to any known representatives in culture. They were primarily affiliated with one of the four following groups: the Marine Group I Crenarchaeota (DeLong, 1992) , the Korarchaeota (Barns et al., 1994) , and the Deep-sea Hydrothermal Vent Euryarchaeota (DHVE) groups I and II (Takai and Horikoshi, 1999) (Table 2 ; Fig. 2) .
The Marine Group I phylotypes were more closely related to sequences from black smoker vent water (Takai and Horikoshi, 1999) and abyssal sediments in the Atlantic Ocean (Vetriani et al., 1999) . Marine group I sequences have been recovered in libraries from various deep-sea and coastal hydrothermal vent samples (Moyer et al., 1998; Takai and Horikoshi, 1999; Huber et al., 2002) . However these organisms had relatively low G + C contents (£55%) in their 16S rDNA when compared to that of known thermophiles (Dalgaard and Garrett, 1993; Galtier et al., 1999) , suggesting that they may represent nonthermophilic Archaea present in vent fluids with entrained seawater (Huber et al., 2002) such as deep bottom water where this group has been identified from (Massana et al., 1997) . Likewise the DHVE5-related sequences (Deep-sea Hydrothermal Vent Euryarchaeota group II, 86-88% similarity) also had low G + C ratios (£55%), suggesting that these organisms may have a non-thermophilic lifestyle. Additional FISH and culture-based analyses would help clarify whether these Archaea are active members and ecologically significant in the hydrothermal vent community.
The G + C contents of the 16S rRNA gene sequences of remaining phylotypes (≥60%) suggest their possible thermophilic lifestyle. DHVE2 (Deep Hydrothermal Vent Euryarchaeota group I) and Korarchaeota phylotypes (Table 2, Fig. 2 ) have been observed in geologically and geographically distinct marine or terrestrial hydrothermal vents and in samples from which hyperthermophilic Archaea were cultivated (Barns et al., 1994; Takai and Horikoshi, 1999; Takai and Sako, 1999) . In sample II, 3 phylotypes formed a monophyletic clade (DHVE8) within the Deep Hydrothermal vent Euryarchaeota group II and were distantly related to Methanocaldococcus jannaschii (84-87% similarity) (Table 2; Fig. 2 ). Using the CHIMERA_CHECK program from the RDP, these sequences were not chimeras. Although high levels of confidence were obtained using parsimony analysis and neighbourjoining methods (Fig. 2) , the position of DHVE group II cluster close to the root of the Euryarchaeota was dependent of the sequences selected in the analyses.
Detection of novel DHVE2 and DHVE8 sequences
The molecular survey identified two uncultivated lineages (DHVE2 and DHVE8) as possible significant thermophilic organisms in the hydrothermal systems. To investigate more deeply their phylogenetic diversity and possibly detect the corresponding organisms in high-temperature enrichment cultures, both groups were explored by PCR amplification using specific oligonucleotide primers.
The 10 clones with DHVE2 sequences (557 pb) obtained from samples I and V only consisted of two type sequences pEPR594 and pEPR595 (less than 98% similarity) that were more closely related with pEPR193 (>99%), also identified in this study. DHVE8 sequences (779 pb) were detected in samples I, II, III and V. Of the 19 clones retrieved from samples I and II, three phylotypes (pEPR596, pEPR597, and pEPR598) shared 96-98.7% similarity with pEPR895, whereas pEPR599 was more closely related to pEPR731 (98.4% similarity). Their phylogenetic positions in the new euryarchaeal lineage were strongly supported by high bootstrap values and by maximum parsimony, maximum likelihood and distance analyses (Fig. 3) . Overall signature sequences showed that the DHVE8 sequences shared more common signature nucleotides with the Euryarchaeota than the Crenarchaeota and Korarchaeota (Winker and Woese, 1991; Barns et al., 1994 ), yet also exhibited unique group-specific signature sequences [A:U at positions 832 : 854 and 1050 : 1208, and G:C at 1350 : 1372, according to the Escherichia coli numbering (Brosius et al., 1978) ]. DHVE8 sequences were initially identified only in a single sample (sample II). The detection of new 16S rDNA sequences in additional samples strongly suggests that this lineage may be diverse and widely distributed at deep-sea hydrothermal vents.
Samples I, II and V, for which the highest amplification signals of both groups were generally recorded, served as inocula for media promoting the growth of hydrogenotrophic methanogens, autotrophic and heterotrophic sulphur-reducers, fermenters and sulphate-reducers at 60, 80, and 90∞C. Because no positive amplifications were obtained with either primer set, it was clearly apparent that the various growth conditions tested did not favour the growth of members of DHVE2 and DHVE8. Further efforts are therefore needed to cultivate these new organisms.
Compositional changes in archaeal communities
Although the sampling approach used in this study may select for microorganisms capable of attaching to the surfaces (Reysenbach et al., 2000) , the strategy of deployments of in situ collectors and vent caps represents a good tool to provide some measure of possible site variability and temporal changes in the microbial community structure. However in this study, because of the limited number of samples, we cannot exclude the possibility that the observed changes in archaeal community are due to sample to sample variations. We also acknowledge that clone libraries do not necessarily represent the in situ abundance and yet molecular methods generally do detect the numerically dominant phylotypes (Head et al., 1998) . Homologous coverage values (C I = 0.97, C II = 1, C III = 0.99 and C IV = 1) and rarefaction curves (data not shown) indicated that the major part of the 16S rDNA diversity in the libraries was detected. However, for sample V, both analysis (C V = 0.91) clearly indicated that the diversity was underestimated and more clones would have been screened. As described above, we did not consider the Marine Group I phylotypes as hydrothermal in origin and therefore did not use these phylotypes in the following analyses.
Given these constraints, our data provide some evidence of differences in diversity between samples collected from the different sites and after different time periods. For example, from the shortest deployments at Pulsar and Grandbonum (samples I and IV, respectively) the majority of the phylotypes were members of the Thermococcales ( Table 2 ). The proportion of Thermococcalesrelated phylotypes decreased in longer deployments (samples II and V), whereas previously undetected phylotypes and those related to facultative and/or strict chemolithoautotrophs (Archaeoglobales, Methanopyrales, Methanococcales) increased or emerged. This is different from the observations and hypothesis of Reysenbach et al. (2000; who suggested that chemolithoautrophs would first colonize new surfaces at vents, and once sufficient organic carbon accumulates, heterotrophic thermophiles such as those of the Thermococcales would emerge. Furthermore, the unusually high proportion of thermophilic crenarchaeal phylotypes closely related to microorganisms that used a wide variety of energy sources (Pyrodictium, Ignicoccus and Aeropyrum) and the archaeal composition at the Genesis vent site (sample III) were also clearly distinct from that of Pulsar and Grandbonum sites, suggesting that there may be site-variability within a vent field.
This study does point to how little we understand about microbial diversity and dynamics at vents. Coupling realtime chemical and temperature measurements with sampling would help to determine if microbial composition changes of individual sites are related to fluctuations of hydrothermal flow. In these heterogeneous habitats that are not fixed either in space or in time, the challenge in obtaining replicate samples of given populations will be important consideration to draw statistically valid conclusions. Alternatively, monitoring of continuous cultivation by molecular techniques could be a promising tool to determine the effects of changing physical and chemical conditions on microbial populations. Clearly, further examination of the hydrothermal microbial community using in situ hybridization techniques will help to better describe these processes. The new sequences obtained in this study will assist in the development of oligonucleotide probes of different specificity.
Experimental procedures
Hydrothermal field and sites description
The hydrothermal samples were collected in 1999 during the scientific cruise AMISTAD conducted on the East Pacific Rise with the R. V. 'L¢Atalante' and the D. S. V. 'Nautile'. The portion of the East Pacific Rise situated at 13∞N is about 300 km south of the Orozco fracture zone and 100 km north of a small transform fault located at 11∞49¢N. Our study focuses on the 13∞N vent field lying between 12∞48¢18¢¢ and 12∞50¢32≤ N and between 103∞56¢39≤ and 103∞56¢80≤ W. This dome-shaped ridge has a central rift valley varying between 200 m and more than 600 m in width and with a mean depth of about 2600 m (Hekinian and Fouquet, 1985) . The volcanic activities at 13∞N give rise to a wide range of hydrothermal venting structures from diffuse vents (ranging from 5 to 30∞C to 100∞C) to black smokers with temperatures above 350∞C. Geographically distant diffuse vents (from 90 to 1200 m) with clear fluid emissions and with temperature above 50∞C were selected for sampling experiments (Table 1) . Dense populations of Alvinella pompejana, a thermotolerant polychaetous annelid that builds tubes directly in contact with the sulphides (Cary et al., 1998) , colonized the active structures at Pulsar and Grandbonum sites. Only few Alvinella specimens were observed on the walls of the Genesis diffuser. Alvinella populations were usually observed in close association with white microbial mats.
Sample collection
Two vent caps (Reysenbach et al., 2000) and three in situ collectors, also designed to concentrate the microorganisms discharged by the hydrothermal emissions, were deployed on flat surfaces of the sulphide structures. The in situ collectors consisted in a stainless steel wire mesh bag (15 cm ¥ 15 cm ¥ 2 cm). Vent caps and in situ collectors were filled with aquarium filtering wool (Vitakraft, Bremen, Germany) to provide sites for attachment for microorganisms. The in situ collectors were brought to the deployment sites into insulated containers and settled down by the arm of the submersible. After in situ incubation, the vent caps were closed by the hydraulic arm of the submersible and the in situ collectors were transferred into enclosed containers to minimize contamination from surrounding seawater during transportation to surface. At the exact location where the collectors were settled, the temperatures of the diffuse vent emissions measured by using the Nautile's thermoprobe (Micrel, Hennebont, France) immediately before and after deployments ranged from 50 to 100∞C. Once on board, the contents (filtering wool for both collecting devices and liquid for the vent caps) were aseptically removed and samples for enrichment culturing were immediately transferred in 50 ml glass vials and flooded with a sterile solution of 3% (w/v) Sea Salts (Sigma Chemical, St Louis, MO). The vials were then closed tightly with butyl rubber stoppers (Bellco, Vineland, NJ, USA), pressurized with N 2 (100 kPa), reduced with sodium sulphide, and stored at 4∞C until return to the laboratory. For whole-cell hybridization experiments, samples were fixed as previously described (Harmsen et al., 1997) and stored at -20∞C. Samples for molecular analysis were stored at -20∞C.
Enrichment cultures of thermophilic subpopulations
Enrichment cultures were performed anaerobically according to Miller and Wolin (1974) in 50 ml vials containing 10 ml of medium. The medium and growth conditions described by Whitman et al. (2001) were used to enrich for hydrogenotrophic methanogens. Heterotrophic and autotrophic sulphur-metabolizing organisms were cultivated according to the formulations of Ravot et al. (1995) for marine microorganisms and L¢Haridon et al. (1998) respectively. All media were reduced by adding Na 2 S. 9H 2 O (final concentration of 0.05%, w/v). Media were inoculated using 0.3 ml of samples listed in Table 1 and incubated at 60, 80 and 90∞C. Growth was confirmed by phase-contrast microscopy (Olympus, Hamburg, Germany) and in the case of methanogens, autofluorescent cells were detected by epifluorescence microscopy with a UV excitation filter set.
Extraction, whole-cell hybridization and quantification of sample cells
For direct quantification, two cell extractions per sample were performed as previously described (Harmsen et al., 1997) . Fixed cells (0.5-5 ml) were filtered through 0.2-mm Nucleopore filter and stained with SYBR Green I (Molecular Probes, Leiden, the Netherlands). The ratio of Archaea to Bacteria was determined by using appropriate amounts (0.5-2.5 ml) of the cell extracts as previously described (Harmsen et al., 1997) . The cells were viewed and counted using an Olympus epifluorescence microscope equipped with a U-MWIB (for fluorescein) and U-MWG (for rhodamine) filter cubes (Olympus).
Nucleic acid isolation and purification
DNA was extracted from the samples in quadruplicate by the method of Porteous et al. (1994) with some modifications. Samples (0.5 g) were suspended in 350 ml of homogenization buffer consisting in 250 mM NaCl and 100 mM Na 2 EDTA pH 8 and gently vortexed for 30 s. Samples maintained in ice were sonicated for 10 s. Proteinase K and lysozyme (both at a final concentration of 285 mg ml -1 ) were added, followed by 60 min of incubation at 37∞C. The samples were mixed with 350 ml of lysis buffer (250 mM NaCl, 100 mM Na 2 EDTA pH 8, 3.5% SDS, 3.5% lauryl sarcosyl and 50 ml of 5 M guanidine thiocyanate). Mixtures were gently vortexed and incubated at 68∞C for 60 min. To eliminate mineral particles, samples were centrifuged at 12 200 g at 4∞C for 20 min. Nucleic acids were precipitated by adding 0.6 vol of isopropanol. After overnight incubation at -20∞C, the precipitated DNA was centrifuged (12 200 g at 4∞C for 45 min), the isopropanol supernatant was removed and replaced by 70% ethanol. Nucleic acids from each replicate were suspended in 50 ml of sterile water, pooled, and purified by using NucleoSpin Extract purification columns (Macherey-Nagel, Hoerdt, France) according to the manufacturer's instructions.
Amplification of the 16S rRNA gene and cloning
The forward primers used in this study bound specifically the 16S rRNA genes from the domain Archaea (4F: 5¢-TCCG GTTGATCCTGCCRG-3¢; 341F: 5¢-CCTAYGGGGYGCAS CAGGCG-3¢) and were used together with an universal reverse primer (1407R: 5¢-GACGGGGGGTGWGTRCAA-3¢). Polymerase chain reaction mixtures (final volume of 25 ml) containing 1 ml of DNA extract consisted in (as final concentrations) 1 ¥ DNA polymerase buffer, 1.5 mM MgCl 2 , 0.25 mM of each dATP, dCTP, dGTP and dTTP, 0.2 mM of each primer, 1.25 U of Taq DNA polymerase (Promega, Charbonnières, France). Contaminants in PCR reaction mixtures were avoided as previously described (Goldenberger and Altwegg, 1995) . Negative and positive controls were performed without DNA template and with DNA from Archaeoglobus fulgidus (DSM 4304) respectively. Polymerase chain reaction cycles were performed on a Robocycler Gradient 96 (Stratagene) as follows: 95∞C for 5 min followed by 35 cycles at 95∞C for 1.5 min, 53∞C for 1.5 min, and at 72∞C for 2.5 min and a final extension period of 8 min at 72∞C. Under these conditions, no PCR products were visible on 0.8% (wt/vol) agarose gel stained with ethidium bromide.
To obtain visible PCR products, primary amplifications using primers 4F and 1407R were stopped at 15 cycles. Aliquots (1 ml) of the primary amplifications were then used as templates for secondary amplifications with primers 341F and 1407R. The reaction mixtures were incubated at 95∞C for 5 min followed by 25 or 30 cycles at 95∞C for 1.25 min, 56∞C for 1.25 min, and at 72∞C for 2.25 min and then by a final extension period of 7.5 min at 72∞C. Amplicons showing the expected size (about 1000 bp) were cloned into the pCR-2.1 TOPO vector as described by the manufacturer (Invitrogen, Groningen, the Netherlands).
16S rRNA gene sequencing and analysis
Archaeal clones were sequenced by cycle sequencing using the ABI Prism Big Dye Terminator Cycle sequencing kit (PE Applied Biosystems) and M13F (5¢-GTAAAACGACGGC CAG-3¢) and M13R (5¢-CAGGAAACAGCTATGAC-3¢) primers. The sequences were determined using an automated sequencer (ABI PRISM 377 DNA sequencer; PE Applied Biosystems). Partial sequences (about 600 nucleotides) were submitted to Ribosomal Database Project (http:// rdp.cme.msu.edu/html) and GenBank database of NCBI (http://www.ncbi.nlm.nih.gov) using SEQUENCE_MATCH and BLAST programs respectively. Partial sequences were aligned against their closest relatives using FastAlign V3.0 of the ARB program package (http://www.arb-home.de) and a similarity matrix was constructed using the first 500 nucleotides of each sequence. Partial sequences that differed by less than 3% were considered as related groups. Up to five sequences per related group were chosen for complete clone sequencing (approximately 1000 bp). Those sharing more than 97% similarity were considered as intraspecific variations and grouped into the same phylotype and were represented by one sequence type. The chimeras were detected with CHECK_CHIMERA program from the RDP and by checking secondary structure anomalies. The different 16S rDNA clonal libraries were compared by determining homologous coverage (C) as in Singleton et al. (2002) . All phylogenetic trees were constructed using the ARB package. Distance trees were constructed by using neighbour-joining algorithms (Saitou and Nei, 1987) with the Jukes and Cantor correction (Jukes and Cantor, 1969) . Parsimony and maximum-likelihood trees were constructed by using PHYLIP Parsimony/M.L and FastDNAML software respectively. The robustness of distance and parsimony tree topologies was evaluated by using a bootstrap analysis after 100 samplings.
Detection of specific archaeal lineages in the samples
Two sets of specific primers were designed to detect the presence of organisms related to groups DHVE2 and DHVE8 in DNA extracts and enrichment cultures from selected samples listed in Table 1 . Four culture media were tested in addition to that tested above. The medium designed for heterotrophic sulphur-reducers in which sulphur was omitted was used to enrich for fermentative organisms. To target new hydrogenotrophic organisms, the basal medium for methanogens was supplemented with 50 mM methanol or monomethylamine. Sulphate-reducers were also targeted using the medium described by Widdel and Bak (1992) . Nucleic acids were isolated from enrichment cultures as previously described (Charbonnier et al., 1995) . Forward and reverse specific primer sets DHVE2-602F (5¢-TGGGTAAATCCYG GCGCTCAACGTC-3¢) and DHVE2-1159R (5¢-GGTCTCCC CAGTGTGCTCTGCC-3¢) and DHVE8-602F (5¢-CTGT GAAATCCDCCAGRAGACTGG-3¢) and DHVE8-1381R (5¢-GACGTATTCGCCGAACGGTGCT-3¢) were designed to amplify sequences specific of groups DHVE2 and DHVE8, respectively. The self-primer dimers and hairpin formations were controlled with the software PrimerSelect 3.11 (DNAS-TAR). The specificity of each primer set was evaluated in silico using PROBE_MATCH, BLAST search, and Probe Match functions of ARB, GenBank and the RDP respectively. Specificity test was also performed by PCR amplifications using each archaeal phylotype determined in this study as template DNA. The composition of the amplification mixture was the same as described above. The PCR cycles (1 or 2 rounds for DHVE2 and DHVE8 amplicons, respectively) consisted in 1 cycle at 95∞C for 5 min, 35 cycles at 95∞C for 1 min, 56∞C for 1 min, 72∞C for 1.25 min and a final cycle at 72∞C for 5 min. Positive amplicons were cloned and categorized by RFLP (Moyer et al., 1994) using Hae III and Hha I for DHVE2 and DHVE8 sequences, respectively. Unique clones were sequenced as described above.
Nucleotide sequence accession numbers
The sequence data have been submitted to GenBank database under accession numbers AF526943 to AF527007 and AF527009.
